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The Standard Model of Particle Physics is currently the best theory
to describe the most basic building blocks of the Universe.

However, it does not explain the complete picture. 

The origin of
the present Universe



�hat is Dark Matter? What is the origin of
tiny neutrino mass ?

For example,  	he following questions are not answered by the SM
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* We need physics beyond the Standard Model. 
(BSM Physics)
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= 6.1⇥ 10�10Why is there more matter than antimatter?

The origin of
the present Universe
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Key approach :  Fundamental symmetry tests

Ex) Search for CP violation,  Lepton Flavor and Lepton-Number Violation  
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Key approach :  Fundamental symmetry tests

Ex) Search for CP violation,  Lepton Flavor and Lepton-Number Violation  

Why is there more matter than antimatter?

The origin of
the present Universe

Ion

Electron

EIC
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What is the origin of
tiny neutrino mass ?

�hat is Dark Matter? 



CP violation 



A tiny imbalance of particle and antiparticle is needed
to create the current Universe.

Matter-antimatter asymmetry

Particle : 1010 + 1  Antiparticle : 1010  

7
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PDG: PTEP(2020)083C01



A tiny imbalance of particle and antiparticle is needed
to create the current Universe.

Matter-antimatter asymmetry

Particle : 1010 + 1  Antiparticle : 1010  

8

CP violation is necessary to create the imbalance. 



9Electric Dipole Moments 
One CPV quantity is  Electric Dipole Moment: 

E : Electric field�HEDM = �d
s
|s| · E <latexit sha1_base64="J+xqk3Rifr/mO8+9bPZoIZJmDe4="></latexit>s : Spin �

:  Violation of  Time-reversal symmetry

CP violation under CPT theorem 
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Ex) Electron EDM in the SM

d
CKM
e ⇠ O(10�44) e cm

e

W

W WqM.	Pospelov,	I.B.	Khriplovich,	SJNP53(1991)638,	Yad.	Fiz.	53(1991)1030	
D.	Ng,	J.	Ng,	Mod.	MPLA11(1996)211,	W.	Bernreuther,	M.	Suzuki,	RMP63(1991)313	
M.	Pospelov	and	A.	Ritz,	PRD89(2014)056006	



PSI

ACME

Neutron
Electron/Muon
Proton (planned)

JILA

ILL

LANL

Proton EDM (BNL?)

J-PARC

TUCAN

*Example

|de| < 1.1⇥ 10�29 e cm
ACME Collaboration :  Nature 562(2018)7727

|dn| < 1.8⇥ 10�26 e cm
nEDM Collaboration, PRL124(2020)081803

Various searches for EDMs 

* Future sensitivity 
⇠ 10�30 e cm

⇠ 10�(27�28) e cm

Various searches for EDMs are ongoing and planned. 

11



PSI

ACME

Neutron
Electron/Muon
Proton (planned)

JILA

ILL

LANL

Proton EDM (BNL?)

J-PARC

TUCAN

*Example

Various searches for EDMs are ongoing and planned. 

Various searches for EDMs 

How do EDM searches play a role in solving the mystery of the BAU? 

*One possible mechanism : Electroweak Baryogenesis 
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KF, WS. Hou, and E. Senaha, PLB 776 (2018) 402, PRD101(2020)011901 



Baryon asymmetry is created during EW phase transition. 

Electroweak Baryogenesis 

Symmetric phase Bubble 
<latexit sha1_base64="ZVPyK3mNFnzO4AJ60W4PDGxiTuw="></latexit>

v = 0Broken 
phase 

<latexit sha1_base64="gAacuMA2dJBhkE0UZxCGx/StUpM="></latexit>

v 6= 0

Boiling water 

If EW phase transition is 1st order, bubbles can be nucleated.  
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✔ ︎ Higgs Physics 



Particle and antiparticle numbers can be different if CPV exists.  

Baryon asymmetry is created during EW phase transition. 

Electroweak Baryogenesis 

Bubble 

Broken 
phase 
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q, q̄

nL(R)
b � nL(R)

b̄
6= 0

One example :  General  Two Higgs Doublet Model 
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✔ ︎ EDM searches 



Two Higgs Doublet Model 

Y1, Y2 : Complex numbers

Two doublets H1 and H2 
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* 2HDM can cause the first-order EWPT.
KF, E. Senaha, PLB(2015)152,
KF, E. Senaha, CW. Chiang, PLB762(2016)315

KF, WS. Hou, and E. Senaha, PLB 776 (2018) 402 15

Yukawa interactions :
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Broken 
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v2(y) v1(x)
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* Focus on top quark

16Two Higgs Doublet Model KF, WS. Hou, and E. Senaha, PLB 776 (2018) 402 

Two doublets H1 and H2 

Yukawa interactions :
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Yukawa interactions : CPV :    
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nB / yt|⇢tt| sin�ttBAU : 

de / |⇢tt| sin�ttEDM : 

Probed by EDM experiments ! 

Two loop!

17Two Higgs Doublet Model KF, WS. Hou, and E. Senaha, PLB 776 (2018) 402 

Two doublets H1 and H2 

Yukawa :  
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Focus on one CP phase :  

What about a case with more phases?
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Case with two phases : ⇢tt, ⇢ee

⇢tt ⇢ee+

Cancellation occurs. 
 

 2HDM EWBG is still viable.

KF, WS. Hou, and E. Senaha, PRD101(2020)011901 

Multi-species EDM searches, e.g. nucleon EDMs, are necessary!

|de| < 1.1⇥ 10�29 e cm

r

Excluded region

CS

de

22

Im⇢ee = r
ye
yt

Im⇢tt

Im⇢tt = �0.1

Two Higgs Doublet Model 



Implication for DM candidate 

Axion is one attractive DM candidate. 

Strong CP problem : L = ✓
↵s

8⇡
Gµ⌫G̃

µ⌫✓ . 10�10

R. Peccei and H. R. Quinn, Phys.Rev.Lett. 38 (1977) 1440
R. Peccei and H. R. Quinn, Phys.Rev. D16 (1977) 1791{1797.

S. Weinberg, PRL40(1978)223, 
F.  Wilczek, PRL40(1978)279 

Peccei-Quinn Symmetry to absorb     into axion field :      
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Another (UV) solution :  P or CP symmetry to set             at UV
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A.E. Nelson, PLB136 (1984) 387, 
S. M. Barr, PRD30(1984)1805, PRD30(1984)1805
L. Bento, et al, PLB267(1991)95

M. Beg, et al, PRL41(1978)278,  R. N. Mohapatra, et al, PLB79(1978)283 
H. Georgei, Hadronic J. 1, 155 (1978),  K. S. Babu and R. N. Mohapatra, PRD41(1990)1286
SM. Barr, et al, PRL67(1990)2765

Can we probe UV solution? 
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UV solutions can be probed by looking for new CP sources.

Implication for DM candidate 

Ex) d = 6 up-quark dipole operator   

OuB = Q̄�
µ⌫
uRH̃Bµ⌫

Up-quark EDM: du ⇠ v

m2
X

Im(CuB)

J. de Vries, P. Draper, KF, J. Kozaczuk, D. Sutherland, 
PRD015042(2019)99 
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BSM physics 
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UV solutions can be probed by looking for new CP sources.

Implication for DM candidate 

Ex) d = 6 up-quark dipole operator   

OuB = Q̄�
µ⌫
uRH̃Bµ⌫

H

u u
OuB

Quadratic 
divergence

� 10�10�✓ ⇠ 1

16⇡2⇤2
Im(CuB)⇤

2

If any new CPV interactions are present,  
UV solutions would not work.   

J. de Vries, P. Draper, KF, J. Kozaczuk, D. Sutherland, 
PRD015042(2019)99 

*Threshold corrections to theta from dim=6 operators + search for top cEDM at pp collider   
J. de Vries, P. Draper, KF, J. Kozaczuk, D. Sutherland, PRD015042(2019)99  
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UV solutions can be probed by looking for new CP sources.

Implication for DM candidate 

Pure Theta

dX(✓), CS(✓) · · ·

Others CP sources

dX(CuB , CdB . . . )

CS(Clequ) · · ·

by investigating “pure theta scenario”  

OR 

Strategy : Rule out “pure theta scenario” with two EDMs

Predictions of EDMs in two scenario: Pure Theta vs BSM physics with another CPV  
J. de Vries, P. Draper, KF, B. Lillard, PRD104(2021)055039 

J. de Vries, P. Draper, KF, B. Lillard, 
PRD104(2021)055039 
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Neutron and Deuteron EDMs  

q qg̃

q̃

* Quark EDMs/cEDMs 

The prediction of              is different from pure theta case.  dD/dn

(Gray) Pure Theta Scenario 
 

(Pink)  Minimal SUSY Model (gluino mass phase) 

J. de Vries, P. Draper, KF, B. Lillard, 
PRD104(2021)055039 
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Neutron and Deuteron EDMs  

q qg̃

q̃

* Quark EDMs/cEDMs 

The prediction of              is different from pure theta case.  dD/dn

(Gray) Pure Theta Scenario 
 

(Pink)  Minimal SUSY Model (gluino mass phase) 

J. de Vries, P. Draper, KF, B. Lillard, 
PRD104(2021)055039 
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This diagram leads to a Majorana mass term for neutrinos.  

Short Summary

New CPV needed for creating the BAU is severely 
constrained by the electron EDM limit.

The possibility of scenarios with various CPV

Multi-species EDM searches

*Implication for strong CP ~ axion DM



Lepton Number  Violation 



Neutrino mass  

at
m

2
m

∆

so
l

2
m

∆

1ν

2ν

3ν

so
l

2
m

∆

3ν

1ν

2ν

Normal hierarchy Inverted hierarchy

The origin of the non-vanishing neutrino masses
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Neutrinoless Double Beta Decay :  
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Neutrinoless Double Beta Decay 

Double beta decay without neutrino emission 

The process can occur if neutrino is a Majorana particle.  

(A,Z) ! (A,Z + 2) + 2e�
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*Particle = Antiparticle
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Y⌫
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Y⌫

Neutrinoless Double Beta Decay 

Right-handed neutrino :  <latexit sha1_base64="Toslh9/+TjeleHAylIGGe4IvjRw="></latexit>⌫R

L⌫R = �Y⌫L̄H̃⌫R � 1

2
⌫
c
RMR⌫R +H.C

m⌫ ⇠ Y 2
⌫ v

2

MR
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Search for NDBD  

T 0⌫
1/2

�
136Xe

�
> 1.06⇥ 1026 yr KamLAND-Zen 

PRL117(2016)	082503  
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(MR � v)Standard case : 3 light Majorana neutrinos

Current limit on half-life 

Normal Hierarchy (NH) 

m1 < m2 < m3

Inverted Hierarchy (IH) 

m3 < m1 < m2

<latexit sha1_base64="xUaopppX9XeEmTSd8MX5B0zJLaM="></latexit>

@KamLAND2� Zen

⇠ 1027 yr

⇠ 1028 yr
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@nEXO

*Future
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(MR � v)Standard case : 3 light Majorana neutrinos

Current limit on half-life 

Normal Hierarchy (NH) 

m1 < m2 < m3

Inverted Hierarchy (IH) 

m3 < m1 < m2
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@KamLAND2� Zen

⇠ 1027 yr

⇠ 1028 yr
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@nEXO

*Future

Standard case :  3 light Majorana neutrinos

What about light MR case?

<latexit sha1_base64="5ejf8WOJxp/M0fZNdB0Zm1fxKe4="></latexit>

(MR � v)
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BAU 

DM 

Anomalies 

Thermal Leptogenesis 

LSND : PRD64(2001)112007 
MiniBooNE :  PRL110(2013)161801 
Reactor anomaly : PRD83(2011)073006  
MiniBooNE :  PRL121(2018)221801 
                  PRL102(2009)101802 

Short-baseline neutrino oscillation 

⌫̄µ ! ⌫̄e

⌫µ ! ⌫e

DM candidate 

Other phenomenological aspects: 

Beyond the standard case 

⇠ TeV

⇠ keV

⇠ eV

& 109 GeV

MR

Resonant Leptogenesis 

W. Buchmuller, et al , Ann.Rev.Nucl.Part.Sci.
55 (2005)311,

E. K. Akhmedov, et al, PRL81(1998)1359

S. Dodelson, L. M. Widrow, PRL72(1994)17

For more details, see M. Drewes, 1303.6912 

Wide mass range! 
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BAU 

DM 

Anomalies 

Thermal Leptogenesis 

LSND : PRD64(2001)112007 
MiniBooNE :  PRL110(2013)161801 
Reactor anomaly : PRD83(2011)073006  
MiniBooNE :  PRL121(2018)221801 
                  PRL102(2009)101802 

Short-baseline neutrino oscillation 

⌫̄µ ! ⌫̄e

⌫µ ! ⌫e

DM candidate 

Beyond the standard case 

⇠ TeV

⇠ keV

⇠ eV

& 109 GeV

MR

Resonant Leptogenesis 

W. Buchmuller, et al , Ann.Rev.Nucl.Part.Sci.
55 (2005)311,

E. K. Akhmedov, et al, PRL81(1998)1359

S. Dodelson, L. M. Widrow, PRL72(1994)17

Wide mass range! 

* Need theoretical analysis in light of light sterile neutrinos

For more details, see M. Drewes, 1303.6912 38



~ Effective Field  Theory 

Model-independent analysis in the light νR  scenario  

Light MR case W. Dekens, J. de Vries, KF, E. Mereghetti, G. Zhou, JHEP06(2020)097

* Non-standard interactions (d = 6)  

L = �Y⌫L̄H̃⌫R �
1

2
⌫
c
RMR⌫R +

1

⇤2
C

(6)
⌫R

O
(6)

⌫R

C(6)
⌫R

VS 

⌫L

⌫L

⌫R

GF

<latexit sha1_base64="4fuaGPYb5w2M5AS4GC8xGGCHWmI="></latexit>v

<latexit sha1_base64="4fuaGPYb5w2M5AS4GC8xGGCHWmI="></latexit>v

* Derive the master formula depending on MR    
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⇤new

⇠ 100 GeV

⇠ 1 GeV

⇠ 1 MeV

EFT approach 

SM + sterile neutrino EFT 

L = LSM+⌫R +
1

⇤2
C(6)

⌫R
O

(6) + · · ·

Neutrino mass 
 

Integrate out heavy SM particles + νR  (≥1GeV)  

G. Prezeau, M. Ramsey-Musolf, and P. Vogel, PRD68, 034016 (2003)
V. Cirigliano, W. Dekens, J. de Vries, M. L. Graesser, and E. Mereghetti, JHEP 12, 082(2017)
V. Cirigliano, W. Dekens, J. de Vries, M. L. Graesser, and E. Mereghetti, JHEP 12, 097(2018)

40



⇤new

⇠ 100 GeV

⇠ 1 GeV

⇠ 1 MeV

G. Prezeau, M. Ramsey-Musolf, and P. Vogel, PRD68, 034016 (2003)
V. Cirigliano, W. Dekens, J. de Vries, M. L. Graesser, and E. Mereghetti, JHEP 12, 082(2017)
V. Cirigliano, W. Dekens, J. de Vries, M. L. Graesser, and E. Mereghetti, JHEP 12, 097(2018)

Chiral Perturbation Theory 
n p

e⌫

gLEC“ Inverse half-life ” 

⇣
T 0⌫
1/2

⌘�1
= g4AG0⌫

���A0⌫2�

⇣
gLEC, C

(6)
⌫R

,MNME

⌘���
2

gA = 1.27, G0⌫ : Phase space factor

SM + sterile neutrino EFT 

Neutrino mass 
 

Integrate out heavy SM particles + νR  (≥1GeV)  

EFT approach 41



⇤new

⇠ 100 GeV

⇠ 1 GeV

⇠ 1 MeV

G. Prezeau, M. Ramsey-Musolf, and P. Vogel, PRD68, 034016 (2003)
V. Cirigliano, W. Dekens, J. de Vries, M. L. Graesser, and E. Mereghetti, JHEP 12, 082(2017)
V. Cirigliano, W. Dekens, J. de Vries, M. L. Graesser, and E. Mereghetti, JHEP 12, 097(2018)

Chiral Perturbation Theory 

“ Inverse half-life ” 

⇣
T 0⌫
1/2

⌘�1
= g4AG0⌫

���A0⌫2�

⇣
gLEC, C

(6)
⌫R

,MNME

⌘���
2

SM + sterile neutrino EFT 

Neutrino mass 
 

Integrate out heavy SM particles + νR  (≥1GeV)  

EFT approach 

“Interpolation formulae” 

<latexit sha1_base64="JIduDqw504JSCuwSS6ez6qusigM="></latexit>

MNME(mi)
<latexit sha1_base64="mhZLNIh6BqXLaJqaWvouNuizsMo="></latexit>

gLEC(mi)
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mi [MeV]

136Xe

(ūL�
µdL ⇥ ūR�

µdR) ēL�µ⌫
<latexit sha1_base64="EB1kuKLEHL55onZcXAWLHzW5nZ4="></latexit>

QRPA
<latexit sha1_base64="CkGXlIvtg3jZGA/NyztPnm5UIX0="></latexit>

Shell

~ GeV 

mi [MeV]

136Xe

ūL�
µdLēL�µ⌫

<latexit sha1_base64="EB1kuKLEHL55onZcXAWLHzW5nZ4="></latexit>

QRPA
<latexit sha1_base64="CkGXlIvtg3jZGA/NyztPnm5UIX0="></latexit>

Shell

Peak ~ MeV 

Mass dependence 

* The master formulae make it possible to analyze NDBD in any mass spectrum.      

︎ Underlying physics, i.e., BSM physics
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+ sterile neutrinos 

Leptoquark 

Leptoquark (LQ) couples to the SM quark and lepton   

J. M. Arnold, B. Fornal and M. B. Wise, Phys. Rev. D 88, 035009 (2013)
J. M. Arnold, B. Fornal and M. B. Wise, Phys. Rev. D 87, 075004 (2013)
I. Dorsner, S. Fajfer, A. Greljo, J. F. Kamenik and N. Kosnik, Phys. Rept. 641, 1 (2016)

44



+ sterile neutrinos 
Leptoquark (LQ) couples to the SM quark and lepton   

J. M. Arnold, B. Fornal and M. B. Wise, Phys. Rev. D 88, 035009 (2013)
J. M. Arnold, B. Fornal and M. B. Wise, Phys. Rev. D 87, 075004 (2013)
I. Dorsner, S. Fajfer, A. Greljo, J. F. Kamenik and N. Kosnik, Phys. Rept. 641, 1 (2016)

Scalar LQ :  R̃ (3,2, 1/6)

LLQ = �yRLd̄RR̃✏L+ yLRQ̄R̃⌫R

Leptoquark 45



+ sterile neutrinos 
Leptoquark (LQ) couples to the SM quark and lepton   

J. M. Arnold, B. Fornal and M. B. Wise, Phys. Rev. D 88, 035009 (2013)
J. M. Arnold, B. Fornal and M. B. Wise, Phys. Rev. D 87, 075004 (2013)
I. Dorsner, S. Fajfer, A. Greljo, J. F. Kamenik and N. Kosnik, Phys. Rept. 641, 1 (2016)

Scalar LQ :  R̃ (3,2, 1/6)

LLQ = �yRLd̄RR̃✏L+ yLRQ̄R̃⌫R

dR

L̄ Q̄

⌫R

R̃ L(6)
⌫R

= C(6)
LdQ⌫

�
L̄dR

�
✏
�
Q̄⌫R

�

C(6)
LdQ⌫ =

1

m2
LQ

yLRyRL⇤

Gauge-invariant dim6 operator: 

Leptoquark 46



+ sterile neutrinos 
Leptoquark (LQ) couples to the SM quark and lepton   

J. M. Arnold, B. Fornal and M. B. Wise, Phys. Rev. D 88, 035009 (2013)
J. M. Arnold, B. Fornal and M. B. Wise, Phys. Rev. D 87, 075004 (2013)
I. Dorsner, S. Fajfer, A. Greljo, J. F. Kamenik and N. Kosnik, Phys. Rept. 641, 1 (2016)

Scalar LQ :  R̃ (3,2, 1/6)

LLQ = �yRLd̄RR̃✏L+ yLRQ̄R̃⌫R

dR

L̄ Q̄

⌫R

R̃ LQ parameters : 
mLQ = 10 TeV yLRyRL⇤ = 1.0

Leptoquark 47



L(6) =
2GFp

2


ūLdRēLC

(6)
SRR⌫i + ūL�

µ⌫dRēL�µ⌫C
(6)
TRR⌫i

�
Scalar and tensor operators show up below EW scale: 

C(6)
SRR = 4C(6)

TRR =
v2

2
C(6)

LdQ⌫ (U
⇤
4i + U⇤

5i)U⇤
Ni

<latexit sha1_base64="jgGUJ91LZDau8/VhgBICGYBI6xg="></latexit>

i = 1 ⇠ 4
<latexit sha1_base64="oZfe87allYzg/6h/1K9GVqbaSAE="></latexit>

U⇤
4i

Leptoquark 48



L(6) =
2GFp

2


ūLdRēLC

(6)
SRR⌫i + ūL�

µ⌫dRēL�µ⌫C
(6)
TRR⌫i

�
Scalar and tensor operators show up below EW scale: 

+
2GFp

2
ūL�

µdLēL�µC
(6)
VLL⌫

Induced by 
standard interaction 
(No LQ interaction) 

C(6)
VLL = �2VudUij

<latexit sha1_base64="R3S6hdFVAkiov4kt+tlZqxPXWTM="></latexit>

i = 1 ⇠ 3, j = 1 ⇠ 4

C(6)
SRR = 4C(6)

TRR =
v2

2
C(6)

LdQ⌫ (U
⇤
4i + U⇤

5i)U⇤
Ni

<latexit sha1_base64="jgGUJ91LZDau8/VhgBICGYBI6xg="></latexit>

i = 1 ⇠ 4
<latexit sha1_base64="oZfe87allYzg/6h/1K9GVqbaSAE="></latexit>

U⇤
4i

Leptoquark 49



3+1 Leptoquark 

Standard interactions  

* LQ interactions dominate 
   over standard contributions. 

Blue :  LQ interaction 

Pink :  No LQ interaction 
(vector contribution) 

<latexit sha1_base64="ijKC3B4TdpTUVemJVPCNsnnDLEE="></latexit>

U2
ei

mi

q2 +m2
i

⇠ U2
ei
mi

q2

✓
m2

i

q2

◆
For q2 � m2

i

<latexit sha1_base64="E5bXrw2hkA3E+dVXptH9X5wU4aE="></latexit>

q ⇠ O(100) MeV
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Standard interactions  
Blue :  LQ interaction 

Ruled out 
0.1 MeV . m4 . 100 GeV

Pink :  No LQ interaction 
(vector contribution) 

3+1 Leptoquark 51



Standard interactions  

m4 & 10 keV

Future sensitivity 

⇠ 1028 yr : nEXO 

⇠ 1027 yr : KamLAND2-Zen 

This diagram leads to a Majorana mass term for neutrinos.  

Short Summary

Mass range of sterile neutrino is wide.

If it is light and has non-standard interactions,
they can dominate 0N2B process.

3+1 Leptoquark 52



Charged Lepton Flavor Violation 



Charged Lepton Flavor Violation 

Nonzero neutrino mass induces CLFV.

Petcov ’77, Marciano-Sanda ’77 ....

µ e

�

W±

⌫i

Ex) Minimal extension of the SM

The predicted BR is too small to be observed.

L = LSM + L⌫�mass

Dirac or Majorana

Br (µ ! e�)=
3↵em

32⇡

������

X

i=2,3

U⇤
µiUei

�m2
1i

m2
W

������

2

< 10�54

Extremely small!
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Charged Lepton Flavor Violation 

Nonzero neutrino mass induces CLFV.

Ex) Minimal extension of the SM

Br (µ ! e�)=
3↵em

32⇡

������

X

i=2,3

U⇤
µiUei

�m2
1i

m2
W

������

2

< 10�54

Extremely small!

L = LSM + L⌫�mass

Dirac or Majorana µ e

�

�NEW

The observation of CLFV would imply another contribution.

︎ Underlying physics, i.e., BSM physics
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Searches for CLFV 

BR(⌧ ! e�) < 3.3⇥ 10�8

BR(⌧ ! e⇡+⇡�) < 2.3⇥ 10�8

BaBar, PRL104 (2010) 021802

Belle, PLB719 (2013) 346-353

MEG II / Mu3e

COMET

Mu2e

* Example

Mu to e conversion

Mu to e gamma

Mu to 3e

Belle II

Tau decays

BR(µ� Au ! e� Au) < 7⇥ 10�13

BR(µ+ ! e+�) < 4.2⇥ 10�13

MEG Collaboration, Eur. Phys. J. C 76(8), 434 (2016).

SINDRUM II, Eur. Phys. J. C 47(2), 337–346 (2006).
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COMET

Mu2e

* Example at Mu2e and COMET

<latexit sha1_base64="OV7pKYl9ODUu3eptBAMLQGGiaA8="></latexit>

BR(µ�Al ! e
�Al) < O(10�17)

<latexit sha1_base64="UsR7N5fWBd7iE6pCKwtn7zkAlRk="></latexit>

N
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N
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L �
X

q=u,d

CS ēµq̄q

*NLO contributions can reduce the BR by 20% 

Searches for CLFV 57

“Next-to-leading order scalar contributions to mu to e conversion” 
V. Cirigliano, KF, M. Ramsey-Musolf and Evan Rule, 2022.xxxxx 

Fermilab
J-PARK

> ~10% uncertainty at LO 



p e

At BNL

<latexit sha1_base64="ntKqClvx8kggZZiCAfDjgEQnTMw="></latexit>p
S = 20 ⇠ 100 GeV

<latexit sha1_base64="8LspIUHpTLt1kpzx1pQtc3LyPPE="></latexit>

(Upgradable to 140 GeV)

L ⇠ 1033�34 cm�2s�1

<latexit sha1_base64="9uh0jYOFS8803g9RPxM5efi3Pn8="></latexit>

(10� 100 fb�1 per year)

 One potential probe : CLFV search at the EIC

Ion

Electron

Collide electrons and protons/heavy ions

EIC Detector Requirements and R&D Handbook
EIC Yellow report, arXiv:2103.05419Electron-Ion Collider 

Map the structure of the proton and nuclei
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 One potential probe : CLFV search at the EIC

Collide electrons and protons/heavy ions

EIC Detector Requirements and R&D Handbook
EIC Yellow report, arXiv:2103.05419Electron-Ion Collider 

Model-independent (EFT) analysis + application to Leptoquark Model
V. Cirigliano, KF, C. Lee, E. Mereghetti, B. Yan, JHEP03(2021)256

EIC  vs  low-energy tau decays and CLFV searches at LHC

Ion

Electron
LFV

* Electron-Tau process

59



CLFV operators  
Model-independent way : 16 different operators in total  

Ex) Four-fermion vector operator  

�4GFp
2

[CLd]⌧ebb ⌧̄L�
µeLb̄R�µbR VLR : bb element 

<latexit sha1_base64="EpcrK4DvBft9Awrpml8gngLD8H4="></latexit>

L �

V. Cirigliano, KF, C. Lee, E. Mereghetti, B. Yan
JHEP03(2021)256
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XLQ
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⌧̄L
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b̄R
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bR
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⌧̄L
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bR

Ex) Induced by Scalar Leptoquark Model 
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⌧

e

⇡+

⇡�
LFV

[CLd]bb

b

Z/�
u, d u, d

⌧ e

Loop effect ⇠ 10�3

CLFV operators  
Model-independent way : 16 different operators in total  

Ex) Four-fermion vector operator  

Scale running effect :  The renormalization group equation 

�4GFp
2

[CLd]⌧ebb ⌧̄L�
µeLb̄R�µbR VLR : bb element 

<latexit sha1_base64="EpcrK4DvBft9Awrpml8gngLD8H4="></latexit>

L �

BR(⌧ ! e⇡+⇡�) < 2.3⇥ 10�8

Belle, PLB719 (2013) 346-353

61V. Cirigliano, KF, C. Lee, E. Mereghetti, B. Yan
JHEP03(2021)256



CLFV searches at LHC 

<latexit sha1_base64="Nu6qcO+jq1BNf5xQwnma4sEaerA="></latexit>

Z decay

<latexit sha1_base64="NM/Xpzq517c4HvBqvDjjIoMDXVk="></latexit>

LFV search

BR(Z ! ⌧e) < 8.1⇥ 10�6 (95%C.L.)

<latexit sha1_base64="BHf0mWfxnMnYixlflJ6MGjWS8KA="></latexit>

Upper limit

ATLAS Collaboration, Nature Phys. 17 (2021)7, 819-825  

<latexit sha1_base64="uYAarnfARwpZ8mnt4wAiQ5nUIq0="></latexit>

Higgs decay BR(H ! e
�
⌧
+ + ⌧

�
e
+) < 4.7⇥ 10�3 (95%C.L.)

 ATLAS collaboration, PLB 800 (2020) 135069

<latexit sha1_base64="ut3wsqvWXOOFamPN1cCLuVOamFg="></latexit>

Top decay BR(t ! q``0) < 1.86⇥ 10�5 (95%C.L.)

 ATLAS collaboration, ATLAS-CONF-2018-044

<latexit sha1_base64="JyQbwikhS1+mDvlK/aHdlRPLr00="></latexit>

Search for pp ! ⌧e

ATLAS Collaboration, PRD98(2018)092008

Search for a heavy particle decaying into 
different-flavor dilepton pairs 
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Bottom 4F operator 



EIC analysis 

 - Major backgrounds 

1) Neutral Current : ep ! ej

2) Charged Current : ep ! ⌫ej

BR (⌧ ! µ⌫̄µ⌫⌧ ) = 17.39%

 - Promising channel 

* Moderate cuts enable to
  eliminate all SM background

- Cross sections : O(1� 10) pb at
p

S = 141 GeV

LFV

100

10�1

10�2

10�3

10�4

10�5

Cut e�ciency

0 10 20 30 40 50

pµTcut [GeV]

[CLQ,U ]uu

[CLQ,D]bb

cL' �e
⌧

DISBG

BG

63V. Cirigliano, KF, C. Lee, E. Mereghetti, B. Yan
JHEP03(2021)256



EIC :  [CLd]bb < 0.1 LHC,  Tau decay : [CLd]bb < O(10�2)

Competitive!

EIC vs Current limits 64V. Cirigliano, KF, C. Lee, E. Mereghetti, B. Yan
JHEP03(2021)256



Multi-operator scenario 
See the situation where 8 operators are nonzero 

LLFV � � g2
cW

⇣
c(1)L' + c(3)L'

⌘
⌧̄L�

µZµeL

�4GFp
2

X

a=d,s,b

[CLd]aa⌧̄L�
µeLd̄Ra�µdRa

�4GFp
2

X

a=d,s,b

[CLQ,D]aa⌧̄L�
µeLd̄La�µdLa

* Z couplings + down-type 4F operators

[CLQ,D]bb [CLd]bb ︎Limits on  and at 90% C.L. 

The rest is marginalized. 

65V. Cirigliano, KF, C. Lee, E. Mereghetti, B. Yan
JHEP03(2021)256



⌧ ! Xh⌫⌧

Free direction appears.
[CLQ,D]bb � [CLd]bb

Collider probes are necessary to close the free direction. 

p
S = 141 GeV L = 100 fb�1
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This diagram leads to a Majorana mass term for neutrinos.  

Short Summary

The LFV search at EIC can compete with the current limits
in heavy quark operators.

The EIC search plays a key role in multi-operator scenario.
* General BSM physics



Future directions 

 Phenomenology of light-sterile neutrinos with non-standard interactions

* Model-independent and -dependent ways
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 Global analysis of e to mu LNV/LFV at Colliders/Mu2e/COMET

 Comprehensive analysis of CPV in EDM and Collider experiments  
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de(⇢tt, ⇢ee)e.g., Other CPV sources in 2HDM, 

Collider�

e.g., Model-discriminating power

Impact on keV sterile neutrino (DM)
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Ne↵e.g., SB anomalies,   The number of relativistic species : 

LNV/LFV effects on the BAU 



Future directions 

︎ Improvement of estimations of the BAU in EWBG

Beyond 	he lowest order in powers of v/T
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va(x)
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tR

︎ EIC analysis at NLO in QCD for heavy-quark operators (a factor of 2)

+ Hadronic decay channels in Tau

︎ Nucleon EDMs

~ 50% uncertainties from quark-chromo EDMs   

* LANL NP/Lattice group 

2)	“Searches	for	Electric	Dipole	Moments:	from	theory	to	experiment”	
		Nagoya	University,	Japan,	2022	or	2023�

1)	“What’s	the	matter?	:	a	cross-frontier	pursuit	of	the	origin	of	matter”	
				Mainz	Institute	for	Theoretical	Physics,	August	22	-	September	9,	2022�

 Workshops 



The origin of
the present Universe

Conclusion 
We still don’t know much about our Universe.

Dark Matter Neutrino 

Matter-Antimatter Asymmetry

Various fundamental symmetry tests to reveal the origin of the Universe 

︎ Lepton Flavor Violation
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ex) e ! ⌧ and µ ! e

︎ Lepton Number Violation
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ex) 0⌫2� and e� ! µ+

︎ Multi-species EDM searches
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de, dn, dp · · ·

  CPV/LNV/LFV searches
at colliders 

* From low-energy to intensity and energy frontiers

BSM physics


